Abstract: An acidic polygalacturonase (PG) secreted by Rhizopus oryzae MTCC-1987 in submerged fermentation condition has been purified to electrophoretic homogeneity using ammonium sulphate fractionation and anion exchange chromatography on diethylaminoethyl cellulose. The purified enzyme gave a single protein band in sodium dodecyl sulphatepolyacrylamide gel electrophoresis analysis with a molecular mass corresponding to 75.5 kDa. The Km and kcat values of the PG were 2.7 mg/mL and 2.23 × 10 3 s −1 , respectively, using citrus polygalacturonic acid as the substrate. The optimum pH of the purified PG was 5.0 and it does not loose activity appreciably if left for 24 hours in the pH range from 5.0 to 12.0. The optimum temperature of purified enzyme was 50
Introduction
Pectin is a family of complex polysaccharides found in the middle lamella of primary cell walls of dicotyledonous and non-graminaceous monocotyledonous plants. Pectin and hemicelluloses are responsible for the integrity and coherence of plant tissues as well as for the texture of vegetables and fruits (Voragen et al. 2009 ). These are mainly degraded by a group of enzymes referred to as pectinases, which have been classified according to their mode of action and substrate preference into pectin esterases (EC 3.1.1.11), polygalacturonases (PGs; EC 3.2.1.15), pectate lyases (EC 4.2.2.2) and pectin lyases (EC 4.2.2.10) (Yadav et al. 2009 ). Pectinases have been extensively reviewed and have potential applications in clarification of fruit juices, retting of fibre, treatment of pectic waste water, coffee and tea leaf fermentation, oil extraction and virus purifications (Jayani et al. 2005; Satyanarayana & Kumar 2005; Payasi et al. 2008; Pedrolli et al. 2009 ).
PGs are pectinases that catalyze the hydrolysis of α-1,4-D-galacturonic acid linkages in smooth region of pectin (Parenicova et al. 2000; Torres et al. 2006) and are widely distributed among fungi, bacteria and yeasts along with higher plants and some parasitic nematodes (Sakai et al. 1993; Niture 2008) . PG is one of the important members of pectin-degrading glycoside hydrolases of the family GH28. The sequence-structural features, specificities and evolutionary relationships of 115 PGs and related family GH28 sequences representing bacterial, fungal, plant, insect groups have been attempted (Markovic & Janecek 2001) . Depending on their mode of hydrolysis of the substrate polymer, they are classified as endo-PGs (EC 3.2.1.15) and exo-PGs (EC 3.2.1.67). The endo-PGs cleave the α-1,4-D-galacturonic linkages randomly, whereas exo-PGs cleave the linkage from the non-reducing end. The research work done on fungal PGs has been reviewed by Niture (2008) . Most of the PGs studied so far belong to the endo-PGs group. PGs exhibit extensive multiplicity and variability as reported for those from Aspergillus species (Stratilova et al. 1993) . Rhizopus oryzae also possesses a large PG gene family as elucidated from recently sequenced Rhizopus oryzae strain 99-880 with a total of 18 putative PG genes (Mertens et al. 2008) . The expression and characterization of 15 PG genes comprising 12 endo-PGs and 3 exo-PGs of R. oryzae 99-880 in Pichia pastoris host along with biochemical characterization has recently been reported (Mertens & Bowman 2011) .
In search of PGs, the authors screened fungal strains belonging to different fungal genera. The fun-gal strain Rhizopus oryzae MTCC 1987 was found as a good PG secretor. This prompted the authors to purify and characterize the enzyme that was found to be an exo-PG exhibiting retting of natural fibre of Crotalaria juncea (sunn hemp).
Material and methods

Chemicals
Polygalacturonic acid (PGA) and diethylaminoethyl (DEAE) cellulose were purchased from Sigma Chemical Company (St. Louis, MO, USA). Rests of the chemicals were procured either from Merck (Navi Mumbai, India) or S.D. Fine (Mumbai, India) and were used without further purification.
Enzyme assay Enzyme activity of PG was assayed by determining the liberated reducing-end products by standard method (Miller 1959) . The reaction solution (2 mL) consisted of 0.5 mL of 1% PGA, 1.4 mL 100 mM citrate-phosphate buffer and 0.1 mL enzyme solution. It was incubated for 20 min at 50
• C in a water bath. Three mL of dinitrosalicyclic acid (DNSA) reagent was added and volume was made 6 mL by addition of 1 mL distilled water. The solution was boiled for 10 min in a water bath, cooled and absorbance was read at 575 nm in a colorimeter. A control was simultaneously prepared taking thermally denatured enzyme. The concentration of the product (galacturonic acid) was determined with the help of a calibration curve. One unit of PG activity is defined as the amount of enzyme that liberates 1 µmol of galacturonic acid per min under the assay conditions. All experiments were performed in triplicates and were found to have standard deviation of less than 5%.
Organism and growth conditions Nine fungal strains: Aspergillus niger (MTCC 404), Aspegillus flavus (MTCC 2456), Aspergillus fumigatus (MTCC 2508), Aspergillus foetidus (MTCC 151), Aspergillus versicolor (MTCC 3071), Oidiodendron echinulatum (MTCC 1356), Byssochlamys fulva (MTCC 505), Paenibacillus polymyxa (MTCC 122) and Rhizopus oryzae (MTCC 1987) were procured from Microbial Type Culture Collection and Gene Bank, Institute of Microbial Technology, Chandigarh (India), based on their source of isolation and habitat, and screened for pectinase production by plate assay method (Molina et al. 2001) . The fungal strain R. oryzae MTCC 1987 showing maximum PG activity was chosen for production in submerged fermentation conditions.
PG production
The enzyme was produced by cultivating the fungus in ten 250 mL Erlenmeyer flasks each containing 25 mL of liquid culture medium containing 2 g/L (NH4)2SO4, 2 g/L K2HPO4, 2 g/L KH2PO4, 3 g/L yeast extract, 5 g/L pectin, pH 7.0. One mL of the spore suspension altogether 5 × 10 6 spores from agar slant was inoculated aseptically into each culture flasks containing sterilized submerged fermentation medium. The flasks were incubated at 27
• C in the biological oxygen demand incubator and cultures were allowed to grow under stationary conditions. On the 6 th day, the day for maximum activity, cultures of all the flasks were pooled and filtered through Whatman No. 41 filter paper and this cell free filtrate was used as a crude enzyme extract for further purification.
Purification of the enzyme Powdered ammonium sulphate was added slowly up to 60% saturation with gentle stirring at 4
• C to the crude enzyme extract. The treated crude enzyme solution was left for 1 hour in the refrigerator, centrifuged at 10,000 rpm for 15 min and pellets were discarded. The supernatant was again saturated with ammonium sulphate up to 90% and was allowed to stand overnight and then centrifuged at 10,000 rpm for 15 min. The supernatant was discarded and pellet was dissolved in 2 mL of cold water and dialyzed against 1,000 times excess of 10 mM citrate-phosphate buffer (pH 5.0) overnight.
The dialyzed enzyme was loaded on DEAE cellulose column (6.5 × 2.0 cm) equilibrated with 10 mM citratephosphate buffer, pH 5.0. The adsorbed protein was washed with 90 mL of the same (10 mM citrate-phosphate pH 5.0) buffer. The protein was eluted by applying stepwise NaCl gradient in 10 mM citrate-phosphate buffer (pH 5.0) in steps of increasing NaCl concentrations of 10 mL. Fractions of 3.0 mL were collected and analyzed for PG activity by the DNSA method (Miller 1959 ) mentioned in the enzyme assay section. The protein concentration was determined by Lowry's method. The active fractions were pooled and analyzed for the activity of PG and protein concentration. The purity of the enzyme was checked by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in 10% acrylamide gel according to Laemmli (1970) .
Characterization of PG
The Km and kcat values of the purified enzyme were determined by measuring steady state velocities of the enzymecatalyzed reaction at different concentrations of citrus PGA (0.05-0.6 g % w/w) in 100 mM citrate-phosphate buffer (pH 5.0) at 50
• C and drawing double reciprocal plot (Engel 1977) . Calculations were made using linear regression analysis of the data points of the double reciprocal plot (data not shown).
The pH optimum was determined by measuring steady state velocity using 0.5 g % PGA at 50
• C in the buffered reaction solution using different buffers at 100 mM in the pH range 1.0-12.0. The different buffers used were: hydrochloric acid-potassium chloride (pH 1.0-2.0), citrate-phosphate (pH 3.0-7.0), sodium-phosphate (pH 8.0), glycine-sodium hydroxide (pH 9.0-10.0) and sodium phosphate-sodium hydroxide (pH 11.0-12.0). The pH stability of the enzyme was studied by exposing the enzyme to buffers of different pH for 24 hours at 20
• C. The activities were assayed by the method described in enzyme assay section and plotted in the form of activity versus pH.
The optimum temperature for the enzyme activity was determined by assaying the activity of the enzyme at different temperatures in the range 10-100
• C and plotting a graph of the enzyme activity versus temperature of the reaction solutions. Thermal stability of the enzyme was tested by incubating an enzyme aliquot at a particular temperature (10-100
• C) for 2 hours assaying its activity at regular 15 min intervals and plotting the activity against temperature.
For determination of activation energy, rate constants k of the denaturation of the enzyme were calculated at different temperatures using the equation k = 0.69/t 1/2 where t 1/2 is term required for reducing the enzyme activity to half its value at t = 0. The activation energy was calculated from the plot of log k versus 1/T using the equation log k = log A − 2.303Ea/RT where A is the frequency factor and Ea is the activation energy. Mode of exo/endo action of the PG In order to decide whether the purified PG is an exo-or endo-PG, a reaction solution containing 0.5 mL of 1% PGA in distilled water and 1.4 mL of 100 mM citrate-phosphate buffer (pH 5.0) was added in a test tube. The test tube was dipped in a water bath at 50
• C and was allowed to stand to maintain the temperature for 20 min, then 0.7 international unit of the purified enzyme was added. Three µL aliquots of the reaction solution were withdrawn at 15, 30, 45 and 60 min and four spots of these solutions were made on thinlayer chromatography (TLC) plate coated with silica gel. Spots of monogalacturonic acid as well as PGA were also made. The TLC plate was kept in a jar containing a solution of butanol, water and acetic acid in the volume ratio 5:3:2 as mobile phase. The TLC plates were air-dried, sprayed with 0.2% (w/v) orcinol in methanol and 10% sulphuric acid. The plate was air-dried and baked in an oven at 80
• C for 10 min. The spots were photographed.
Retting of fibre by purified PG
The retting of Crotalaria juncea natural fibre was carried out by the reported method (Zhang et al. 2005 ) with minor modifications. Approximately 10 cm long sticks were kept in three test tubes. In each test tube 10 mL of 100 mM citrate-phosphate buffer (pH 5.0) were added. One test tube was made control designated as 'a' and contained deactivated enzyme. The other test tubes were designated as 'b' containing purified enzyme with EDTA and 'c' containing purified enzyme without EDTA. All the test tubes were incubated in a water bath at 37
• C for 24 hours. After 24 hours, the sticks were shaken vigorously each with 10 mL hot water for 1 min, hot water was poured off and the resulting sticks were photographed.
Results and discussion
Purification of PG
The extracellular PG secreted in its liquid culture growth medium by R. oryzae MTCC 1987 was purified to homogeneity by ammonium sulphate fractionation and anion exchange chromatography methods as summarized in Table 1 . The elution profile of PG from DEAE cellulose column is shown in Fig. 1 .
A 16-fold purification with 1.9% yield and 60.5 IU/mg specific activity was achieved. The homogeneity of the enzyme preparation was determined by SDS-PAGE analysis (Fig. 2) . The appearance of a single protein band in the lane 2 shows that the purified enzyme is homogeneous. The molecular mass of the purified enzyme determined from SDS-PAGE analysis was 75.5 kDa. The molecular mass of purified fungal PGs reported in literature ranges from 25 kDa to 82 kDa (Barense et al. 2001; Sakamoto et al. 2002; Niture Fig. 3 . pH optimum and pH stability of purified PG produced by R. oryzae MTCC 1987. All experiments were performed in triplicates and the error bar represents standard deviation.
2008).
A lower molecular mass of 31 kDa for PG produced by R. oryzae has also been reported (Saito et al. 2004 ). This may be due to difference in two R. oryzae strains.
Effect of pH on the activity and stability of PG The variation in the activity of purified PG with pH of the reaction solution as well as the stability when the enzyme was exposed to various pH buffers for 24 hours at 20
• C is shown in Fig. 3 . The pH optimum of PG secreted by R. oryzae was found to be 5.0, similar to PG produced by Aspergillus ustus and Aspergillus japonicus (Rao et al. 1996; Semenova et al. 2003) . The purified PG when exposed to various buffers at 20
• C for 24 hours shows maximum stability in the pH range 5.0-12.0. The pH stability for 4 hours in the pH range 3.5-7.0 for PG produced by Mucor circunelloids ITCC 1065 has been reported (Thakur et al. 2010 ).
Effect of temperature on the activity and stability of PG The effect of temperature on the purified PG activity is shown in Fig. 4 . The maximum activity was observed at 50
• C. Similar temperature optima for two commercial PGs, namely Pectinase CCM and Pectinex 3XL have been reported (Ortega et al. 2004) . Several fungal PGs exhibit temperature optima between 40-60 • C (Devi et al. 1996; Kaur et al. 2004; Tari et al. 2008; Thakur et al. 2010) . PG produced by a few thermophilic fungal strains, such as Thermoascus aurarifiacus, Aspergillus aculeatus and Fusarium oxysporum have temperature optima in the range 60-65
• C (Foda et al. 1984; Vazquez et al. 1993; Martin et al. 2004) . The purified PG from R. oryzae MTCC 1987 does not loose its activity appreciably up to 30
• C if exposed for 2 hours. The activation energy (E a ) for the thermal denaturation of the purified enzyme was 26 kJ/mol (data not shown), which was similar to the value reported in the literature for the preparation Rapidase C80 (Ortega et al. 2004) and also for the PG from another R. oryzae (27.2 kJ/mol) (Manjon et al. 1992) .
Kinetic parameters
The apparent K m value for degradation of PGA by the purified enzyme was 2.7 mg/mL (data not shown). The K m values of 2.5 mg/mL and 1.63 mg/mL for PG produced by Aspergillus niger and Streptomyces lydicus have been reported (Parenicova et al. 1998; Jacob et al. 2008 ) though a wide range of K m values (0.059-4.7 mg/mL) for PGs are also reported in the literature (Jayani et al. 2005) . The catalytic rate constant k cat of purified PG was found to be 2.23 × 10 3 s −1 which is significantly higher than those reported in the literature with 90 s −1 and 29 s −1 for PG-1 and PG-2 from Aspergillus japonicus which are endo-PGs (Semenova et al. 2003) . The authors could not find k cat values reported for exo-PGs for comparison.
Mode of action of the purified PG
The results of the studies done for deciding the mode of action of the purified PG are shown in Fig. 5 . It is obvious that monogalacturonic acid starts appearing in TLC plates from the very beginning and clear spot is visible just after 15 min. This type of result is expected for an exo-PG. This conclusion was also confirmed by measuring the viscosity of the reaction solution containing the purified enzyme and the substrate in 100 mM citrate-phosphate buffer (pH 5.0) at 50
• C at 15, 30 and 60 min. The rate of viscosity reduction was very low confirming that purified PG is an exo-acting PG.
Effects of metal ions and protein inhibitors
Effects of a few metal ions and protein inhibitors were determined by incorporating them at 1 mM concentration in the reaction solution (Table 2) . Amongst all 
metal ions, Co
2+ was found to enhance the PG activity, while KMnO 4 , Ag + and Hg 2+ totally inhibited the enzyme activity. The PG from Streptomyces lydicus also has been reported to be inhibited completely at 1 mM concentration by Hg 2+ (Jacob et al. 2008 ). The enzyme activity was not significantly influenced by K 3 Fe(CN) 6 , Mg 2+ , Zn 2+ , Ca 2+ , Na + , K + , EDTA and NaN 3 .
Retting of Crotalaria juncea fibre using purified PG The purified PG was tested for retting the locally available Crotalaria juncea natural fibre (Fig. 6) . The comparison of the results shows that the retting occurs by the enzyme in absence of EDTA. Our result is different from the result of retting by a PG purified from another strain of R. oryzae, which occurred in the presence of EDTA (Zhang et al. 2005) . Previous research has indicated that acidic pectins and Ca 2+ are located preferentially in the epidermal regions of Linum usitassimum (flax) (Rihouey et al. 1995) , contributing to the structural integrity of the stem and bast fibres. Therefore, chelators, such as EDTA, have the ability to remove Ca 2+ and enhance retting of flax (Henriksson et al. 1997 (Henriksson et al. , 1999 . The variability in the pectin content along with Ca 2+ in different fibres might influence the retting efficiency in the presence or absence of EDTA.
In summary, this communication reports the purification of the exo-PG from a new strain of Rhizopus oryzae MTCC 1987 using a simpler method. The exo-PG shows retting of Crotalaria juncea (sunn hemp) fibre in absence of EDTA. 
